The orbits of binary stars precess as a result of general relativistic effects, forces arising from the asphericity of the stars, and forces from any additional stars or planets in the system. For most binaries, the theoretical and observed precession rates are in agreement 1 . One system, however-DI Herculis-has resisted explanation for 30 years 2-4 . The observed precession rate is a factor of four slower than the theoretical rate, a disagreement that once was interpreted as evidence for a failure of general relativity 5 . Among the contemporary explanations are the existence of a circumbinary planet 6 and a large tilt of the stellar spin axes with respect to the orbit 7,8 . Here we report that both stars of DI Herculis rotate with their spin axes nearly perpendicular to the orbital axis (contrary to the usual assumption for close binary stars). The rotationally induced stellar oblateness causes precession in the direction opposite to that of relativistic precession, thereby reconciling the theoretical and observed rates.
The orbits of binary stars precess as a result of general relativistic effects, forces arising from the asphericity of the stars, and forces from any additional stars or planets in the system. For most binaries, the theoretical and observed precession rates are in agreement 1 . One system, however-DI Herculis-has resisted explanation for 30 years [2] [3] [4] . The observed precession rate is a factor of four slower than the theoretical rate, a disagreement that once was interpreted as evidence for a failure of general relativity 5 . Among the contemporary explanations are the existence of a circumbinary planet 6 and a large tilt of the stellar spin axes with respect to the orbit 7, 8 . Here we report that both stars of DI Herculis rotate with their spin axes nearly perpendicular to the orbital axis (contrary to the usual assumption for close binary stars). The rotationally induced stellar oblateness causes precession in the direction opposite to that of relativistic precession, thereby reconciling the theoretical and observed rates.
We observed DI Herculis (HD 175227, apparent V magnitude outside eclipse 5 8.45, spectral type B415V, orbital period P 5 10.55 days, orbital eccentricity e 5 0.49) 9 with Sophie 10 , a high-resolution échelle spectrograph on the 1.93-m telescope of the Observatoire de Haute-Provence. Figure 1 shows four representative spectra obtained during the primary eclipse and four from the secondary eclipse. Supplementary  Figs 1-3 show all the spectra.
By analysing the distortions of the spectral lines that occur during eclipses (the ''Rossiter-McLaughlin effect'' [11] [12] [13] ), the relative orientation of the spin and orbital axes as projected on the sky can be derived. Our model of the spectra and of the Rossiter-McLaughlin effect is based on the method of ref. 14, as summarized here. Because of the light from the foreground star, we could not treat the Rossiter-McLaughlin effect as a simple wavelength shift, as is commonly done for eclipses of stars by planets 15, 16 . Instead, we modelled the line profiles of both stars, taking into account stellar rotation, surface (refs 12, 13) . We began with the reduced twodimensional spectra delivered by the Sophie instrument software. Bad pixels were identified and removed, and the continuum level in each order was normalized. The uncertainty in the wavelength scale is equivalent to a few metres per second, and is negligible for our purposes. The spectra have a resolution of 40,000 and the median signal-to-noise ratio is 80 in the vicinity velocity fields, orbital motion, and partial blockage during eclipses. By adjusting the parameters of the model to fit the observed spectra, we derived estimates of the orbital and stellar parameters, including the angles b p and b s (subscripts 'p' and 's' refer to primary and secondary) between the sky projections of the primary and secondary spin axes and the orbital axis. The angles are defined such that b 5 0u when the axes are parallel, and b 5 690u when they are perpendicular. We focused on the Mg II line at 4,481 Å because it is the strongest line that is broadened mainly by stellar rotation. However, it is located in the red wing of the stronger pressure-broadened He I line at 4,471 Å . Therefore, we fitted a Lorentzian model to the encroaching wing of the He I line and subtracted it before modelling the Mg II line. (Similar results were obtained when both lines were modelled simultaneously.)
In the model, the simulated absorption lines were shifted in wavelength according to the Keplerian radial velocity, and were broadened by anisotropic macroturbulence (using the parameterization of Gray 17 ) and rotation (parameterized by v p sini p and v s sini s ). For each star, and for each phase of the eclipse, we modelled a limb-darkened, uniformly rotating stellar disk with several thousand pixels. Each pixel was further divided into 17 sub-pixels to represent the distribution of turbulent velocities. The light from the sub-pixels was Doppler-shifted according to a Gaussian distribution for the tangential and radial turbulent velocity fields (j R,T ), assuming the tangential and radial fields to have equal amplitudes and equal surface fractions. (Although we included macroturbulence for completeness, the results for b p and b s do not depend on the details, and similar results were obtained even when macroturbulence was ignored.)
It was also necessary to include parameters for the equivalent widths of the Mg II lines (Table 1 ). Finally, we adopted values of the stellar radii from the literature (Table 1) , and assumed the limb-darkening law to be linear with a coefficient of u 5 0.4 at 4,500 Å for both stars 17 . The emergent spectra from the uneclipsed pixels of both stars were summed to create the model spectrum.
We used Levenberg-Marquardt least-squares minimization 18 to derive the best fitting parameters, and the bootstrap method 19 to derive the statistical 1-s parameter uncertainties (Tables 1 and 2) . This uncertainty analysis did not take into account some possible systematic errors. We investigated the possible error due to gravity brightening by assuming the emergent intensity to be proportional to the local acceleration due to gravity 20 , finding the resultant changes in b p and b s to be smaller than 1u and therefore negligible. Likewise, we did not allow for the possible effects of differential rotation, nor did we allow for any changes in the limb-darkening law within the lines as compared to the continuum. We found no evidence for those effects, though it remains possible that they are present and that our macroturbulence model is compensating for them. In addition, because the lines are relatively broad, errors in the normalization of the continuum could influence the results. To account for these effects in our error analysis, we refitted our model to a collection of spectra normalized using different functional forms, and choosing different wavelength domains over which those functions are fitted. We also re-fitted using limb-darkening coefficients ranging from 0 to 1, and characteristic macroturbulent velocities in the range 5-50 km s 21 . From the scatter in the results for the fitted parameters, we derived our final 1-s uncertainties in the vsini and b parameters, with the largest effects arising from changes in normalization. Figure 1 shows the observed spectra after subtracting the model spectrum of the foreground star, for clarity. This figure also shows the best-fitting model, and the model assuming co-aligned spins and orbit, which fits the data poorly. Our main result is that the stellar rotation axes are strongly tilted with respect to each other, and with respect to the projected orbital axis: b p 5 72 6 4u and b s 5 -84 6 8u. Although we reiterate that our quantitative results were obtained by fitting the line profiles of both stars directly, in Fig. 2 we show the apparent radial velocity of each star, a form of presentation that may make the result of a large misalignment more obvious. The factor-of-four discrepancy between the theoretical and observed rates of apsidal precession was based on the premise that the stellar spin axes are perpendicular to the orbital plane. Now that this premise has been proved false, the theoretical precession rate must be recalculated. For this calculation it is necessary to know the true angles between the spin and orbital axes, and the actual rotation velocities of the stars, even though only their sky projections are measured. The unmeasured angles are the inclinations i p and i s of the stellar spin axes with respect to the line of sight. We performed a Monte Carlo calculation of the theoretical precession rate 7, 8 , in which the cosine of each inclination was drawn from a uniform distribution. We excluded inclinations giving rotation speeds faster than 600 km s 21 , the approximate breakup speeds. To calculate the precession due to the rotationally induced oblateness, we adopted apsidal motion constants of k 21 5 0.0087 and k 22 (Fig. 3) . We therefore consider the mystery of the anomalous apsidal precession of DI Herculis to be solved.
The solution to the mystery of DI Herculis raises the questions of how the stars became so strongly tilted with respect to their orbit. It seems unlikely that they formed in such a state, although it is not clear at what point in their relatively short lifetime (,5 Myr; ref. 4) the misalignment occurred. One possible mechanism is the Kozai effect, whereby a third body in the system excites oscillations of the binary's eccentricity and orbital orientation 22 . Whatever the route to the present configuration of DI Herculis, it would be interesting to know whether it is unique or whether spin-orbit misalignment is more common among close binaries than has been expected. A survey to measure the relative orientations of spin axes in selected eclipsing binaries, or systems that can be resolved with interferometry 23, 24 , may help to answer these questions. We used two independent velocity offsets to account for effective centroid shifts that depend on spectral type, owing to temperature-dependent blended features. We allowed K 1 , K 2 , c 1 and c 2 to be free parameters. We fixed the values of P, e, v, i o and T min at values from the literature. If, instead, all the parameters are allowed to be free, we find results that are consistent with the literature values, but with reduced precision. We also find that the results for b p and b s agree with those obtained from the externally constrained model. We note that the apparent time variations in v p sini p and v s sini s were previously reported 25 , and taken as possible evidence for spin precession (which would imply a substantial misalignment), although those authors could not draw a firm conclusion from the available data. In principle, one might derive the three-dimensional orientation of the stellar spin axes by modelling the time variations in v p sini p and v s sini s . At present, however, it is not possible to improve on the calculation of the theoretical precession rate using this technique, because the analysis hinges on the measurement from 1948 for which the uncertainty is unknown. NATURE | Vol 461 | 17 September 2009 LETTERS
